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Abstract
This paper presents the experimental tests carried out on a novel two-degrees-of-freedom capacitive MEMS sensor. The sensor
comprises an internal feedback loop, which produces a sky-hook damping effect on the principal seismic mass of the transducer so
that the output of the sensor is proportional to the base velocity over a low audio frequency range. The four frequency response
functions that characterise the dynamic response of the MEMS block have been measured and used to simulate the closed loop
response of the transducer. The off–line test shows that, at low audio frequencies between about 100 Hz and 1 kHz, the spectrum of
the sensor output signal is proportional to the base velocity. Moreover at frequencies above the fundamental resonance frequency of
the transducer, the output signal shows a -90o phase lag with reference to the base velocity. These two properties are of great interest
for the implementation of vibration control systems using feedback loops with collocated sensor and actuator transducers.
© 2011 Published by Elsevier Ltd.
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1. Introduction
The two degree of freedom (2-DoF) capacitive MEMS sensor presented in this paper is envisaged for active
vibration control of distributed flexible structures such as thin plates and shells. For instance, the sensor can be coupled
with a piezoresistive actuator patch to form a dual and collocated sensor-actuator pair [1] that can be used to
implement a velocity feedback control loop with good stability properties. Moreover, such a feedback loop would
generate a sky-hook damping effect that efficiently reduces the resonant vibration and sound radiation of the flexible
structure where it is bonded [2]. A first prototype MEMS velocity sensor was presented in [3] to prove the concept.
However the proposed device was found susceptible to temperature changes and had lower sensitivity compared to a
capacitive transduction technique employed in the sensor presented in this paper.
A detailed description of the design and functionality of the MEMS velocity sensor considered in this paper was
presented in [4]. This paper briefly describes the operation of the sensor and then presents in more details the
frequency response functions (FRFs) measurements used to characterise the dynamic response of the transducer and to
simulate the closed loop response of the transducer.
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2. Velocity sensor
The velocity sensor comprises a micromachined sensing element (figures 1a,1b) mounted on an interface and
control electronic board (figure 1c). The sensing block is fabricated on a SOI (Silicon-on-insulator) wafer using a
dicing free and dry release process [5]. As can be noted in Figure 1a and schematically shown in Figure 2a, the sensing
element consists of two mass-spring-damper systems connected in series; the first system is referred to as the principal
sensor while the second system is referred as the control sensor. The sensor is designed so that the first resonance
frequency at 1.52 kHz is “controlled” by the natural frequency of the principal sensor, while the second resonance at
4.22 kHz is “controlled” by the natural frequency of the control sensor. The sensing element parameters are listed in
Table-1.
Figure 1: (a) , (b) SEM pictures for the two degree of freedom velocity sensor (c) electronic board with sensor block.
Table 1: Two-degree-of-freedom model coefficients.
Principal sensor Control sensor
 ma 1.103μ Kg ms 1.103μ Kg
ca 186.51μ N/m/s cs 186.51μ N/m/s
ka 188 N/m  csa 124m N/m/s
ks 261 N/m
Figure 2: Lumped parameter model of the MEMS block. (a) absolute degrees of freedom; (b) relative degrees of freedom;
(c) internal feedback loop; (d) sky-hook damping effect produced by the feedback loop.
As shown in Figures 1a,b, the principal and control proof masses are equipped with arrays of interdigitated comb
fingers, that allow capacitive detection of the relative displacements of the two masses with reference to the base
displacement, i.e. y=wc2-wc1 and z=wc3-wc1. These output signals are gathered with pick off circuits appropriately
designed to deal with capacitive sensor transducers. The principal sensor is further equipped with an actuator
transducer that, as shown in figure 1, produces a reactive force between the base and proof mass. As can be noted in
Figure 1a, this actuator transducer is formed by a lateral comb fingers integrated to the principal proof mass to produce
a linear electrostatic force. The signal fed to the actuator is generated by an appropriate control circuit. As
schematically shown in figure 2c, the relative displacement of the two proof masses is fed to the electronic control
circuit where the two signals are subtracted, to get x=z-y, and then time integrated. In this way, at frequencies below
the second resonance frequency, which is controlled by the control sensor, a control signal proportional to the absolute
velocity (changed in sign) of the proof mass of the principal sensor is fed back to the reactive actuator on the principal
(a) (b) (c)
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the coherence plots of each FRF. The four measured FRFs have been used to simulate off-line the response of the
sensor when the internal feedback loop is closed. The output signals %(&) and '(() have been derived from the
following two relations:
)(*) = +,,-./(0)1 23(4) + 56,7(8)9(:)     , ;(<) = =>,?@A(B)C DE(F) + GH,I(J)K(L) (5,6)
where MN,OPQ(R) = ST,UVW(X) Z[,\]^(_) and a`,() = ,() 	,
() . Since the output signal () is
actually proportional to the negative acceleration of the principal mass  the controller that implements negative
velocity feedback is given by a real integrator and an ideal fixed gain amplifier. In order to simulate a stable design, a
second order low pass filter 1 (1 + ) has been implemented in the feedback loop such that the
controller () =   =  [(1 + )(1 +  !)"] . Thus after some mathematical manipulation, the following
closed loop response function of the transducer is derived
#($) = %(&)
'( )*(+)
= ,-.,/01(2) 34,5(6) 789(:);<,=>?(@) A1 + BC(D)EF,G(H)IJ KL M NO (7)
Figure 5: Simulated FRF of the sensor with closed feedback loop using the four measured FRFs shown in Figures 3,4 and Eq. (7).
4. Conclusion
The offline prediction in figure 5 shows that below about 1 kHz the FRF of the velocity sensor is indeed
proportional to the base velocity at frequencies. Also, at higher frequencies above the fundamental resonance
frequency of the transducer, the FRF monotonically decrease and is characterised by a -90o phase lag. In contrast to the
predicted behaviour in reference [1], the FRF of the closed loop transducer still shows a resonance peak. This is due to
the off-line predictions are very sensitive to physical variations of the transducer when the four FRFs shown in figures
were taken. A more robust solution will involve a redesign of the transducer such that the second resonance is moved
to much higher frequencies.
References
[1] Gavagni, M.; Gardonio, P.; Elliott, S.; "Theoretical study of a velometer sensor – piezoelectric patch actuator pair
for direct velocity feedback control systems", Southampton, University of Southampton (ISVR), Technical Report-
303, (2004).
[2] Fahy, F. and Gardonio, P.; "Sound and structural vibration: Radiation, transmission and response", London, UK :
Academic Press, 2007.
[3] Gardonio, P.; Gavagni, M.; Bagolini, A., "Seismic velocity sensor with an internal sky-hook damping feedback
loop", IEEE Sensors Journal, pp. 1776-1784, (2008).
[4] Alshehri, A.; Kraft, M.; Gardonio, P., "Two-degree-of-freedom capacitive MEMS velocity sensors: initial test
measurements", Proceeding of the 21st Micromechanics and Microsystems Europe workshop, pp. 269-272, (2010).
[5] Sari, I., Zeimpekis, I. and Kraft, M. "A full wafer dicing free dry release process for MEMS devices". Proceeding
of the Eurosensors XXIV Conference, pp. 850-853, (2010).
